This paper presents a single-phase five-level grid-connected photovoltaic inverter with a novel dual reference modulation technique. Two reference signals identical to each other with an offset equivalent to the amplitude of the triangular carrier signal were used to generate pulse width modulation ͑PWM͒ signals. The inverter consists of a full-bridge inverter and an auxiliary circuit comprising of four diodes and a switch. The inverter produces output voltage in five levels: 0, +1 / 2V dc , V dc , −1 / 2V dc , and −V dc . A digital proportional-integral ͑PI͒ current control algorithm is implemented in DSP TMS320F2812 to keep the current injected into the grid sinusoidal and to have high dynamic performance with low total harmonic distortion ͑THD͒. The validity of the proposed inverter is verified through simulation and is implemented in a prototype. The experimental results are compared to conventional single-phase three-level grid-connected pulse width modulation ͑PWM͒ inverter in terms of THD.
I. INTRODUCTION
As the world is concerned with fossil fuel exhaustion and environmental problems caused by the conventional power generation, renewable energy sources, particularly solar energy and wind energy, have become very popular and demanding. Photovoltaic ͑PV͒ sources are used today in many applications as they have the advantages of being maintenance and pollution free. 1 Much of the world's energy needs can be supplied directly by solar power. Solar power technologies can be divided into two groups: one uses the Sun to generate heat and is called solar thermal technologies and the other converts the Sun's radiation directly into electricity through photoelectric effect. Solar thermal technologies include solar concentrator power systems, flat plate solar collectors, and passive solar heating. Photoelectric effect uses solar cells called PV.
This paper presents a single-phase five-level inverter with a transformer for grid-connected application. A five-level configuration is used because it offers great advantages such as improved output waveforms, smaller filter size, lower electromagnetic interference ͑EMI͒, and lower total harmonic distortion ͑THD͒ compared to a conventional three-level PWM inverter. [2] [3] [4] [5] [6] [7] [8] To generate output voltage in five levels, full-bridge inverter configuration together with an auxiliary circuit, as shown in Fig. 1 , were used.
A dual reference modulation technique is introduced to generate switching signals for the switches and to produce five output voltage levels: 0, +1 / 2V dc , V dc , −1/ 2V dc , and −V dc ͑assuming that V dc is the supply voltage͒. The modulating technique uses two reference signals instead of one to generate PWM signals for the switches. Both the reference signals V ref 1 and V ref 2 are identical to each other except for an offset value equivalent to the amplitude of the carrier signal V carrier , as shown in Fig. 2. inverter, a step-up transformer, and a utility grid. In this paper, the inverter is designed to work as a grid-connected system; therefore, the utility grid is used instead of load. The dc-dc boost converters are used to track the maximum power point ͑MPP͒ of the solar arrays as well as to step up the inverter output voltage V inv to be more than ͱ 2 of the grid voltage V g to ensure power flow from the PV arrays into the grid. As a step-up transformer with a ratio of 1:2 is used, V inv should be
A filtering inductance L f is used to filter the current injected into the grid. The injected current must be sinusoidal with low harmonic distortion.
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III. PWM MODULATION AND OPERATIONAL PRINCIPLE
Modulation index M a for five-level PWM inverter is given as 
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where A c is the peak-to-peak value of the carrier and A m is the peak value of the voltage reference V ref .
Since in this work two reference signals identical to each other are used, Eq. ͑3͒ can be expressed in terms of the amplitude of the carrier signal V c by replacing A c with V c and
If M Ͼ 1, then higher harmonics in the phase waveform is obtained. Therefore, M is maintained between 0 and 1. If the amplitude of the reference signal is increased higher than the amplitude of the carrier signal, i.e., M Ͼ 1, then this will lead to overmodulation. Large values of M in sinusoidal PWM techniques lead to full overmodulation. 10 From the PWM modulation, the analysis of harmonic components in the proposed inverter can be preformed. The output voltage produced by comparison of the two reference signals and the carrier signal can be expressed as 
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If there are P pulses per quarter period, and it is an odd number, then the coefficients B n and A 0 would be zero, where n is an even number. Therefore, Eq. ͑5͒ can be rewritten as
where m is a pulse number. The Fourier series coefficients of the conventional single-phase full-bridge inverter by sinusoidal PWM are given as
The main objective of designing a grid-connected PV inverter is to inject sinusoidal current into the utility grid. In order to generate sinusoidal current with low harmonic distortion, a sinusoidal PWM is used since it is one of the most effective methods. Sinusoidal PWM is obtained by comparing a high-frequency carrier with a low-frequency sinusoid, which is the modulating signal 
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4. Switches S 2 -S 4 will be switching at the rate of the carrier signal frequency, while S 5 and S 6 will operate at a frequency equivalent to the fundamental frequency. Table I illustrates the level of V inv during S 2 -S 6 switch on and off.
IV. CONTROL SYSTEM ALGORITHM AND IMPLEMENTATION
The proposed inverter is used in a grid-connected PV system. Therefore, a proportionalintegral ͑PI͒ current control scheme is employed to keep the output current sinusoidal, to have high dynamic performance under rapidly changing atmospheric conditions, and to maintain the power factor at near unity. As the irradiance level is inconsistent throughout the day, the amount of electric power generated by the solar modules is always changing with the weather conditions. To overcome this problem, the maximum power point tracking ͑MPPT͒ algorithm is used. It tracks the operating point of the I-V curve to its maximum value. Therefore, the MPPT algorithm will ensure that maximum power is delivered from the solar modules at any particular weather conditions. Various MPPT control algorithms have been discussed in detail in Refs. 11-13. In this proposed inverter, the perturb and observe algorithm is used to extract maximum power from the PV modules. The feedback PI current control senses the current injected into the grid also known as grid current I g and feeds back to a comparator, which compares it with the reference current I ref . 
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Variable m is derived from the MPPT algorithm, as illustrated in the flowchart in 
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Novel PWM modulation J. , is compared to a triangular carrier signal, and intersections are sought to produce PWM signals for the inverter switches. This is to ensure I g to be in phase with grid voltage V g and always at near unity power factor.
V. SIMULATION RESULTS
Simulations were performed by using MATLAB SIMULINK to verify that the proposed inverter can be practically implemented in a PV system. It also helps to confirm the PWM switching strategy which then can be implemented in a DSP. Figure 7 illustrates the PWM switching strategy used in this proposed inverter. It consists of two reference signals and a triangular carrier signal. The resulting PWM signal from the comparison of the reference signals and triangular carrier signal is shown in Figs. 8͑a͒-8͑e͒ . One leg of the inverter operates at a high switching rate equivalent to the frequency of the carrier signal ͑i.e., 20 kHz͒, while the other leg operates at the rate of fundamental frequency ͑i.e., 50 Hz͒. The switch at the auxiliary circuit S 2 also operates at the rate of the carrier signal. The modulation index M will determine the shape of the inverter output voltage V inv and the grid current I g . Therefore, it is necessary to ensure that M does not exceed the maximum value ͑i.e., M =1͒. If M exceeds the maximum value, then an overmodulation condition happens, which will result in a flat top at the peak of the positive and the negative cycles, as shown in Figs. 9͑a͒ and 9͑b͒.
Another condition that should be avoided is when V inv is less than V g / ͱ 2. According to Eqs. ͑1͒ and ͑2͒, the dc bus voltage must be greater than V g / ͱ 2 to ensure that the current is injected into the grid. If the dc bus voltage is less than V g / ͱ 2, then the current will be injected from the grid into the inverter rather than the PV system injecting current into the grid, as shown in Figs. 10͑a͒  and 10͑b͒. Figures 11͑a͒ and 11͑b͒ show V inv and I g for M Ͻ 1.0 and dc bus voltage of 200 V. At this optimal operating condition, I g is almost a pure sine wave which will result in a lower THD value. 
VI. EXPERIMENTAL RESULTS
The simulation results are verified experimentally by using a DSP TMS320F2812. The proposed inverter is tested with a PV array of 900 W peak power rating. Table II shows the module's  ratings, while Table III shows the proposed inverter's specifications and its controller parameters. To obtain 900 W peak power rating, 12 modules are connected in series which will result in an increase in voltage while the current is maintained. Figure 12 shows the prototype of the five-level PWM inverter with dual reference modulation. PWM switching signals for the switches generated by dual reference modulation techniques is shown in Fig. 13 . Figure 14 illustrates the experimental results for V inv and I g for conditions V inv Ͼ V g / ͱ 2 and M Ͻ 1.0. Both the results illustrate that V inv consists of five levels of output voltage and I g has been filtered to resemble a pure sine wave. In the event of V inv Ͻ V g / ͱ 2, current will be injected from the grid into the PV system, as shown in Fig. 15 .
To prove that the proposed five-level inverter has advantages over the conventional three-level inverter in terms of THD and power factor, the corresponding measurements were made on both inverters. A FLUKE 43B power quality analyzer was used for this purpose. The THD and power factor measurements for the proposed five-level inverter are shown in Figs. 16 and 17 . The THD for the proposed inverter is 7.5%, while the power factor is 0.99. It is notable that both the grid voltage V g and the current injected into the grid I g are in phase at near unity power factor.
The results from the five-level PWM inverter are compared to those from the three-level PWM inverter in terms of THD. The only difference between the five-level inverter and the three-level inverter is the elimination of auxiliary circuit and therefore only one dc bus capacitor is used. The same current control techniques were used to control the overall performance of the inverter. As shown in Fig. 18 , the THD measurement of the three-level inverter is 12.8%. The result was taken at almost the same environmental conditions to ensure I g to be similar to measurement made for the five-level inverter. By comparison, the THD measurement for the three- level inverter is much higher when compared to the five-level inverter. This proves that multilevel inverters can reduce the THD which is an essential criterion for grid-connected PV systems.
Efficiency measurement has been carried out to compare the efficiency of both inverters. The measured efficiency of the three-level PWM inverter is approximately 92%, whereas that of the five-level PWM inverter is 90%. The addition of the auxiliary circuit has caused the efficiency to drop by a few percentages. However, THD of the proposed inverter is lower when compared to the conventional three-level PWM inverter.
VII. CONCLUSION
This paper presented a single-phase five-level inverter with a dual reference modulation technique for PV application. The dual reference modulation technique involves comparing two reference signals identical to each other except for an offset equivalent to its carrier signal, with a triangular carrier signal to generate PWM switching signals for the switches. The circuit topology, control algorithm, and operational principle of the proposed inverter were analyzed in detail. A digital PI current control algorithm is implemented in DSP TMS320F2812 to optimize the performance of the inverter. Comparison has been made between the five-level and the three-level inverters in terms of THD. The results show that the THD of the five-level inverter is much less than that of the conventional three-level inverter. Furthermore, both the grid voltage and the grid current are in phase at near unity power factor.
